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p N -
i T lIrradiation of cancentrated colutions of triruthenium Ko
dodecacarbonyl (III) in tetrahydrofuran and hydrocarbon solvents under
cne atmosphere carbon monoxide yields a purple-red compound, IV. :ﬁ
Elemental analyses are consicstent with IV having the stoichiometry ;
RU(CO)Q, while the very low volatility and cclubility in organic ;ﬁ
colvents csuggest that IV has a high molecular weight. Reactions of IV -
\ AR
with carbon menoxide, hydrocgen, bromine, todine and carbon o
tetrachloride ecsentially duplicate the corresponding reactions of .
(I111Y, cuggesting that the two compounds are icomeric, but reactions of f:
IV with tertiary phcosphines yield mononuclear rather than cluster :
ruthenium compounds. It is therefore proposed that IV has a rather -
2 Y
novel, possibly cyclic, structure consisting of [Ru(CO)q]:?chains.\ >
r:"
- : g R




At precent there are known only three binary carbonyl compounds
of ruthenium, Ru(CO)g C(I), Ruz(CO)g (II) and Ru3z(CO)4* (IID). Of
these, 11l is the thermodynamically most stable, and is formed
spontaneously when either of the others is allowed to stand in the
absence of a partial prescure of CO. However, 1 can be readily prepared
either thermally or photochemically from reactions of III with CO,
while Il can be formed by low temperature photolysic of 11,

While extending an investigation?2 into the utilization of
ruthenium carbonyls as precursors for catalysts for CO and CO;
hydrogenation, we have had cause to prepare I photochemically from the

reaction of CO with IIIZ%, Interestingly, we have found that photolysis

of concentrated solutions of 111 (pgg=1 atm) in tetrahydrofuran or
hydrocarbon solvents leads to formation, in addition to I, of an
incoluble, purple-red material which appears to be an oligomeric form
of Ru(COYy (IV). We describe below the physical and chemical properties

of IV which lead us to thie conclusiont,

Experimental

Fuz(C0)y: (111> was prepared from RuCl:+3H.0 by the method of
Johnson and Lewisé, while photochemical reactions were performed using
quartz apparatus and a Hanovia lamp positiconed about 1 cm from the
reaction mixture. Solvents were dried and degacsced prior to use, and
all coperations were carried out under an atmosphere of carbon monoxide
or nitrogen. IR spectra were run on a Bruker IFS 85 FTIR spectrometer,
and gas chromatography experiments were carried cut with an HF S8&0A

equipped with an n-octane Porasil-C column. X-ray powder diffraction
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patterns were obtained utilizing a CS55/Stoe STADI 2/PL two circle
diffractometer. The data, along with comparable data for 111, are being
submi tted to the JCPDS Internaticnal Centre for Diffraction Data, 1601
Park Lane, Swarthmore, FA 1%081. Carbon and hydrogen analyces were
performed by the Canadian Microcanalytical Service, Ltd, ruthenium
analyses (neutron activation) by the Analytical Services Unit at
Queen’s, utilizing the SLOWPOKE-II facility at the Royal Military
College of Canada.
Preparation of [Ru(CO)41, ¢(IV). A colution of 1.00 g (1.6 mmol) 11l in
200 mL THF at about 200 C was photolysed for 12 hr under an atmosphere
of CO. A fircst crop of 0.3 g (304 yield) of 1V was scraped from the
inner cooling jacket of the photochemical apparatus, and the decanted
colution was rephotolysed to give a further 0.2 g. This procedure could
be repeated to give total yields of at least 804. The product was
washed by prolonged <suspenc<sion in THF to remcve residual 1I1l, and was
dried in vacuo. It is a microcrystalline =solid, non-volatile and highly
incoluble in the common orqanic solvents. Anal. Calcd for Cy404Ru: C,
22.54; H, 0; Ru, 47.4. Found: C, 22.04;3 H, <0.1; Ru, 46.9. The IR
cpectrum in the regions 400-700 and 1%00-2150 cm~! (KBr disc) is shown
in Fia. 1, where it is compared with an IR spectrum of Ruz(CO),, run
under similar conditions.

In contrast to the above, photolysic of dilute sclutions of 111
(less than 0.05 g in 200 ml colvent) results in the formation only of
I.
ﬁeaction of IV with CO. A suspencion of 0.1 g of IV in petrolteum ether
(bp 40-409> in a glass-lined 300 mL Parr Stirring Minireactor was
treated with about 50 atm CO at 80¢ C for 16 hr. After cocling and
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opening of the reactor under nitrogen, the colution was found to
contain (IR) only I (v(CO)= 2037(s), 2002(vs) cm~1) and 11l (uv(CO>=
2081 (vs>, 2032(ed, 20120nd cm~1),

Reaction of IV with Hp. Similar reaction with hydrogen resulted in the
formation only of HyRu4u(CO),,, identified initially by comparison of
its IR spectrum (uv(CO)= 2081(s), 20&67(vs), 2030<(m>, 2024(s), 2008Cw)
cm™1) with that of an authentic sample?. A CDClz sclution of the
compound exhibited a hydride reconance at 6-17.8 ppm, in agreement with
the literature?,

Reactions of IV with Halogens. A mixture of 0.025 g (0.12 mmol Ru)> of
IV and 0.03 g (0.12 mmol) iodine in 15 ml methylene chloride was
stirred for 48 hr at room temperature under nitrogen. The sucspension of
IV gradually disappeared, the solution turning yetlow. An IR cpectrum
of the solution showed the presence of cis—-Ru(CO)4Iz (v(CO)= 2195(w),
2105¢vs), 2095¢s), 2067¢(s) cm-1), identified by comparison with the
spectrum of an authentic sample®, and weak peaks indicating the
presence of a small amount of Ruz(CO),;I¢g (v(COI= 2124(m>, 2065
(partially obscured), 2014(s)> cm~1)%, Similar reaction with even an
excess of bromine at 00 C yielded only cis—Ru(CO)yBr, (v(CO)= 2175(m),
2133¢s), 2104(s), 2071(s) cm~1)&, although Ruz(CO0);:Brg&'? (v(CQ)=
2133(m), 2065¢(s, br), 2009(w)>> and Rux(CO)¢Bry (v(CO)= 2132(s),
2048(ve), 2004(m)>) cm~1) were also formed as secondary products at
higher temperatures.

Reaction of IV with Carbon Tetrachloride. A csuspencsion of 0.2 g of 1V

in 10 mL CCly was refluxed under nitrogen for 96 hr, after which time

All of the starting material had gone into sclution. An IR study <howed
that the solution contained Ru(C0)>C148"10 (v(CO>= 2140(m)», 2082(s),
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2076¢vs), 2027<(m), 2018(m> cm~1), but no chloroform could be detected
by gc. Similar treatment of IIl yielded the same compound.

Reaction of IV with Tertiary Phosphines. A suspension of 0.07 g (0.33
mmol Ru) of IV in 30 mL petroleum ether (bp 40-600) containing 0.046 g
(0.33 mmol) PMePh was refluxed under nitrogen for 3 hr. The resulting
blood~red solution was shown (IR} to contain a mixture of
Ru(CO)4(PMePh) (major, primary product, v(CQ)= 2062(m), 1979(m),
1949(s) cm~1)14 and Ru(CD);(FPMezPh), (v(CO>= 18%Y7 cm~1)1i, Similar
products were formed with PMes, but no reaction occurred with PPh; even

after refluxing for & days

Discussion

As described in the Experimental Section, although photolysis
of dilute solutions of Rux(C0)»,, (IIIl)> under one atmosphere of CO
recults in the expected® formation of Ru(CO>¢ (I}, similar treatment of

concentrated solutions results in the preferential formation of a

hitherto unidentified ruthenium carbony! compound (IV). Elemental
analyses are consistent with the formulation [Ru(CO)41,, and the
possible presence of a hydride ligand seems excluded by the observation
that reaction of IV with refluxing carbon tetrachloride does not yield
chloroformt 2,

The chemistry of IV duplicates that of Ill in many kKey ways.
Thus IV reacts with carbon monoxide to form a mixture of I and I11; II1
reacts similarly to form I reverciblyt. Compound IV also reacts with
hydrogen to form HyRu4(CO>;;. We have confirmed a report? that III does
likewice, finding that the IR and NMR cspectra of the compounds obtained

from the two reactions are identical.

---------------
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Reactions of IV with halogenating reagents also duplicate those
of 111. Jodine and bromine both react below room temperature to form
the compounds cis—-Ru(C0)4X, (X= Br, 1), as reported for IIl and
confirmed by us, although the halide-bridged speciecs Ruz(CO)¢Xy and

Rux(C0);:Xg can also be formed as secondary products at higher
temperatures. Similarly, the compound Ruz(C0>¢Cly is obtained on
refluxing IV in carbon tetrachloride. It has been reported that IIl
yields Ruz(CMCly on heating in chloroformi3, and we aobtain the came
product on refluxing IIl in carbon tetrachloride.

Compound IV was alco found to react with FMe Ph and FMesx (but
not with PFh3) to form compounds of the types Ru(CO>4L and Ru(CO);L,;
(L= FMe Fh, FMez). The tetracarbonyl cpecies appear to be the primary
products, and thece are Known to react rapidly with tertiary phosphines
under the reaction conditions used to form the corresponding
tricarbony! compoundsi¥, Reactions of IIl with all three tertiary
phosphines occur under similar conditions, yielding cluster compounds
of the type Ruz;(CO>glL315.

Compound IV jic extremely incoluble in most solvents with which
it does not react and, in spite of numerous attempts, we have been
unable to agrow cryctals suitable for a single crystal X-ray
crystallographic study. Powder diffraction studies show, however, that
the compound ise crystalline. For the same reacsons, attempts to obtain
molecular weight measurements have proven fruitless as well. The
gompound is alco extremely non-volatile, and we have heen unable to
ébtain uzeful mass spectral data. FAB-MS studies (suspensions in
csulpholane, qlycerol) were rather inconclusive, although peake at m/e

values possibly corresponding to Ru(CO)4*, Ruz (CIp+ (= 1-8),
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RUEC(CO)n+ (n= 1-7) and Run+ (n= 1~5) were obcerved. Ny
Compound IV is thus a tetracarbonyl! compound of ruthenium,

related to 111 chemically and, quite likely, structurally. As <shown

T l‘."

above, there are striking similarities between the reactions of IV and

N

111 with carbon monoxide, hydrogen, bromine, icdine and carbon

ol R
PR
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tetrachloride. We have carried out for purposes of comparison all of )

the relevant reactiones of 111, as reported in the literature, finding
cloce correspondence with the chemistry of IV, In all cacses, reaction
mixtures and icolated producte were characterized uvtilizing a Bruker
IFS 85 FTIR spectrometer equipped with an Aspect 2000 computer.
Precision in meacsuring carbonyl stretchina frequencies was very high,
and compositions of mixtures were readily ecstablished by comparicsons
with literature data and, in some cases, by cpectral subtractione. Thus
the nature and relative amounts of the products could be establiched
with certainty.

The cuggestion that IV ic an icomer of IIl is supported by the
observation that the colid state IR spectra of III and IV are very
csimilar (Fig. 1). Although of relatively low recoluticn becauce of
broadening inherent in the sampling of <olids, the ranges of
frequencies of the carbonyl stretching and bending modes of the two
compounds are quite comparable, suggesting a similarity in the electron
density on the ruthenium atoms in the two compounds. While the ?
molecularity of IV is as yet unknown, its low solubility and volatility
suggest polymeric or coligomeric structures, either linear (A) or cyclic
(B). Interestingly, attempts to sublime IV reculted only in
decompocsition at about 1240 C to give a black material exhibiting no

v(CO) in its IR cspectrum; no volatile, ruthenium-containing material —
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was obtained.
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The exicstence of "cpen” clusters of either type, not based on

Ru u
(CU)4 (00)4

gecmetrical structure of high symmetry, appears not to have been
reported previcuclyté, However, csuch ctructurese would appear to explain
the lack of formation of cluster compounds in the reactions with
tertiary phocsphines, as cccurs with 11115, Quite poesibly crystals of
IV consicst of a mixture of homologues of differing molecular weightj;
this hypothecics would explain the greater apparent broadening in the IR
spectrum of IV. While far from definitive, the FAB-MS data are also
consistent with the hypothecsis of a polymeric or oligomeric structure,
As Ru(CO>¢ (I>, conce formed, decomposes to form Ruz(CO),, C(IID)
rather than IV, it seems likely that IV forme as a primary product
during the photolysis of lll, a process which has received attention
from several groups. Thus Wrighton et al!? have propocsed the occurrence
of homolytic fission to qgive the diradical C during the photocatalysed

isomerization of l-pentene by 111.

o (C0)y

Ru
~
(0C) Ru: \iRu(co)4
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It was suqgested that C waes formed by excitation of an electron from a

T VWYY

metal~-metal bonding orbital into a metal-metal antibonding orbital.
However, two other groups®?*1€&119 have found that the

photogenerated species seems rather inert towards carbon tetrachloride,

behaviour unexpected of a diradical such as A, and have proposed
carbonyl-bridged intermediatecs as alternatives. While we have little to
offer in this continuing controversyz®, we note that there appears to
be a correlation between the relative amounts of I and IV which are
formed and the initial concentration of I1l1. Thue IV is only obtained
when the concentration of IIl1 is high, consicstent with an
oligomerization procecs. On this basis coupling of diradicals C would
appear to be a reasconable route to a polymer or a cyclic oligomer
containing repeating [Ruz(CO> ;] units.

As mentioned above, a compound appearing to be IV has been
previously prepared in THF but not characterized4. We had initially
assumed that the material reported and subsequently cbtained by us was
a THF adduct and hence of little interest. It was only when we obtained
it in hydrocarbon solvents as well that we csucpected a new binary
carbonyl compound. A similar material also appears to have been
prepared by Jamec et al&i, who obtained an insoluble purple solid

formulated as [HRu(CO)z1, from the cartonylation of aqueous solutions

of ruthenium trichloride. We have repeated the synthesis of this
material, and find that it has an IR spectrum and an X-ray powder
diffraction patiern similar (but not identical) to the correspondimg
data for IV, We find that the purple <colid reacts with icdine to form

cis—-Ru(CO>»y!l,; quantitatively and, as the original evidence for the
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hydride ligand was indirect, we suggest that the material obtained from

aquecus ¢olution is an iscmer of IV.
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Caption for Fiqure 1:

Figure 1. IR <spectra (KBr discs) of [RuCCO) 4, (&) and Ruz(CO),; (b). o
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